Background: Synthesis of bacteriochlorophylls is essential for the photosynthetic capture of solar energy. Results: Chlorophyllide a oxidoreductase (COR) performs nitrogenase-related redox catalysis using two cysteine-ligated [4Fe-4S] clusters. Conclusion: A reductive trans protonation mechanism and an identical substrate binding mode for nitrogenase-like enzymes was deduced. Significance: Energy transduction of COR is relevant for related systems involved in the reduction of chemically stable multibonds.
The energy supply of the global biosphere by photosynthesis vitally depends on the biosynthesis of (bacterio)chlorophylls, a process yielding several billion tons of these molecules seasonally (1) . Another essential process of life on earth is the reduction of atmospheric dinitrogen to ammonia. The two processes share closely related enzymes. The sophisticated biochemistry of a nitrogenase-type reductase plays in many photosynthetic organisms a fundamental role for the formation of the chlorin and bacteriochlorin ring system of chlorophylls (Chls) 2 and bacteriochlorophylls (Bchls) ( Fig. 1) (2, 3) . The biosynthesis of both Chls and Bchls requires the stereospecific reduction of the C17-C18 double bond of ring D of the porphyrin protochlorophyllide a (Pchlide), which can be catalyzed by the nitrogenaselike enzyme, dark-operative protochlorophyllide a oxidoreductase (DPOR) ( Fig. 1, left) (4, 5) . The resulting chlorin molecule is termed chlorophyllide a (Chlide). It requires a second stereospecific reduction step of the C7-C8 double bond of ring B to obtain the characteristic bacteriochlorin ring structure of Bchls. This formation of bacteriochlorophyllide a (Bchlide) is catalyzed by a second nitrogenase-like enzyme, termed chlorophyllide a oxidoreductase (COR) (Fig. 1, center) (6) . DPOR and COR mediate significant changes of the respective pigment absorption properties, which improves light capturing and energy transduction processes of photosynthesis (compare Fig.  1) (7) .
The COR enzyme is composed of three protein subunits, BchY, BchZ, and BchX, whereas the related subunits of DPOR are designated N, B, and L (gene names chlN, chlB, and chlL in Chl synthesizing and bchN, bchB, and bchL in Bchl synthesizing organisms) (4, (7) (8) (9) . All these subunits share amino acid sequence homology to the related subunits of nitrogenase termed NifD, NifK, and NifH, respectively (compare Fig. 1) (7) . Although subunits BchX, L, and NifH share a sequence identity at the amino acid level of ϳ33%, subunits BchY, N, NifD and BchZ, B, NifK show lower identity values of ϳ15% (7, 10) . Threedimensional protein structures of DPOR and nitrogenase revealed an oligomeric architecture consisting of heterotetrameric core complexes (N/B) 2 and (NifD/NifK) 2 , respectively, which require the dynamic interplay with the respective homodimeric subcomplexes L 2 and (NifH) 2 (compare Fig. 1) (11, 12) .
To mediate the ATP-driven electron transfer and substrate reduction process, both subcomplexes of DPOR carry redox active [Fe-S] clusters (13, 14) : a symmetric intersubunit [4Fe-4S] cluster located on L 2 and an uncommon (N/B) 2 [4Fe-4S] cluster, which is asymmetrically ligated by three cysteinyl residues of subunit N and an unusual aspartate ligand from subunit B (Cys-17, Cys-42, Cys-103, and Asp-36 Prochlorococcus marinus numbering).
The schematic comparison in Fig. 1 highlights the involved redox-active components of DPOR and the related metallocenters found in nitrogenase: a closely related [4Fe-4S] cluster on (NifH) 2 and the highly unusual [8Fe-7S] (P cluster) and the Mo-7Fe-9S-X-homocitrate cluster (FeMoco) located on (NifD/ NifK) 2 (MoFe-protein) (12, (15) (16) (17) . Accordingly, the final [4Fe-4S] cluster-dependent Pchlide reduction and the specific substrate recognition in the active site of (N/B) 2 of DPOR are unrelated to nitrogenase catalysis. In contrast, identical mech-anisms have been elucidated for the initial steps of DPOR and nitrogenase catalysis (2, 11) .
For DPOR (and nitrogenase), L 2 -dependent ((NifH) 2 -dependent) ATP hydrolysis triggers the transient association and dissociation of subcomplexes L 2 and (N/B) 2 (of subcomplexes (NifH) 2 and (NifD/NifK) 2 ). Thereby, the appropriate timing of the accompanying electron transfer processes is controlled (11, 16) .
In analogy to DPOR and nitrogenase, a catalytic (BchY/ BchZ) 2 complex in combination with a homodimeric subcomplex (BchX) 2 was proposed for the COR enzyme (10) . Sequence alignments of BchX proteins with the closely related L subunits of DPOR revealed a strong conservation of both cysteinyl ligands responsible for [4Fe-4S] cluster formation and also for key residues involved in ATP binding and hydrolysis (7) .
To some extent these theoretical findings are supported by a recent Rhodobacter sphaeroides study where a weak EPR signal was tentatively ascribed to a single [4Fe-4S] 1ϩ cluster on (BchX) 2 or alternatively to [2Fe-2S] 1ϩ clusters located on each BchX protomer (18) . The individual BchY protein and also the co-purified (BchY/BchZ) 2 protein complex from R. sphaeroides showed a weak EPR signal indicative for a [3Fe-4S] 1ϩ cluster (18) . However, this cluster type is often found under non-physiological conditions, and a more detailed interpretation would also require the careful analysis of the oligomeric subunit structure of the respective proteins. ATP-dependent dark-operative protochlorophyllide a oxidoreductase (DPOR) catalyzes the stereospecific reduction of ring D (highlighted in gray) of protochlorophyllide a (Pchlide). The DPOR reaction cycle includes the transient formation of an octameric L 2 (NB) 2 L 2 protein complex (top, left). Bacteriochlorophyll a biosynthesis requires a second stereospecific ring reducing step on ring B (highlighted in gray) which is catalyzed by chlorophyllide a oxidoreductase (COR). ATP-dependent COR catalysis also includes the transient formation of an (BchX) 2 (BchY/BchZ) 2 (BchX) 2 complex (top, center) for the reduction of chlorophyllide a (Chlide). R is either a vinyl or an ethyl group. The homologous nitrogenase complex (NifH) 2 (NifD/NifK) 2 (NifH) 2 is indicated on the right. Involved redox-active [Fe-S] clusters and the iron-and molybdenumcontaining cofactor (FeMoco) are indicated. Orthologous subunits of DPOR, COR, and nitrogenase are indicated by gray shading.
In vitro assays for COR, DPOR, and nitrogenase make use of the artificial electron donor dithionite in the presence of high concentrations of ATP (6, 19, 20) . For DPOR and nitrogenase it was proposed that the consumption of ATP is required to overcome the kinetic barrier imminent to Pchlide or dinitrogen reduction (4, 21) .
To date no experimental data concerning COR substrate recognition are available in the literature. Structural investigations for DPOR from P. marinus revealed that the Pchlide ring system is completely buried in a hydrophobic cavity. This binding mode requires substantial conformational rearrangements for the channeling of the substrate into this pocket (11, 14) . A detailed mechanism for the regio-and stereospecific protonation of Pchlide was elucidated on the basis of biochemical and structural data. The C18 protonation is mediated via a water molecule that is adequately positioned by combined interaction with residue His-394 and the propionate moiety of the Pchlide substrate, whereas Asp-290 is directly responsible for the protonation at C17 (P. marinus numbering of subunit B).
In this study we establish a recombinant system for COR from Roseobacter denitrificans. Based on individually purified COR subcomplexes, the ligand architecture of the respective [Fe-S] clusters is resolved in a combined biochemical and spectroscopic approach. Furthermore, the transient COR subcomplex could be trapped. Subsequently, a series of chemically modified substrate molecules is employed to identify specific determinants for Chlide substrate recognition. The obtained functional substrates allow us to propose the localization of the COR reaction step within the bacteriochlorophyll biosynthetic pathway. Besides this, a tentative model for the reductive protonation of the COR substrate is proposed and compared with the DPOR mechanism.
EXPERIMENTAL PROCEDURES
Production and Purification of R. denitrificans COR-Genes bchY and bchZ from R. denitrificans (OCh 114, German Collection of Microorganisms and Cell Cultures (DSMZ)) were PCRamplified using primers CTATAGGATCCATGATCAAGGGT-CACCCGC and CTATACTCGAGCTAAATCATCTCCTGCG-CTTTG and primers CTATACTCGAGAATTTCACACAGG-AAACAGTATTCATGTTAGTCACAGATCATG and CTA-TTGCGGCCGCTCATGTCTGATCCTCCAAATC, respectively (the implemented Escherichia coli-specific ribosomal binding site upstream of bchY is marked in bold letters, and employed restriction sites are in italics). Both genes were ligated into the BamHI and NotI sites of pET32a to yield plasmid pET-bchYZ. Subsequently, a PreScission TM protease binding site sequence (bold letters) was implemented upstream of bchY. For this purpose bchY and bchZ were amplified from pET-bchYZ using primers TATATAGAGCTCGCTGGAAGTTC-TGTTCCAGGGGCCCCTGCAGATGATCAAGGGTC and TATATATAGCGGCCGCTAAATCATCTCC and primers CAGCAGCATATGTTAGTCACAGATC and CAGCAGCTC-GAGTCATGTCTGATC and cloned into the NdeI/XhoI and SacI/NotI sites of the pACYCDuet-1 vector, respectively. Plasmid pET-bchYZ and the resulting plasmid pACYC-bchYZ (variations detailed in parentheses) were transformed into E. coli BL21(DE3) Codon Plus RIL (E. coli BL21(DE3)). Cells were grown aerobically at 17°C (25°C) in 500 ml of LB medium containing 1 mM Fe(III) citrate and 1 mM L-cysteine. Protein production was induced at an A 578 of 0.5 by the addition of 50 M isopropyl-␤-D-thiogalactopyranoside. After 16 h (4 h) of cultivation, the respective cultures were supplemented with 0.15 g (0 g) sodium dithionite and incubated for 2 h (45 min) at 17°C without agitation in an anaerobic chamber (Coy Laboratories, Grass Lake, MI) to allow [Fe-S] cluster formation. All subsequent steps were performed under anaerobic conditions (95% N 2 , 5% H 2 , Ͻ1 ppm O 2 ) using N 2 -saturated buffers. Cells were harvested by centrifugation, and the bacterial cell pellet was resuspended in 15 ml of buffer 1 (100 mM HEPES-NaOH (pH 7.5), 10 mM MgCl 2 , 500 mM NaCl) and disrupted by a single passage through a French press at 16,000 p.s.i. into an anaerobic bottle. After centrifugation for 60 min at 110,000 ϫ g at 4°C, the supernatant was applied to 500 l (1 ml) of a Ni 2ϩ -loaded chelating Sepharose FF (GE Healthcare) equilibrated with buffer 1. After 2 (3) washing steps with 20 ml (5 ml) of buffer 1 and a pre-elution step using 10 ml (3 ml) of buffer 1 containing 30 mM (20 mM) imidazole, the recombinant fusion protein BchY in complex with BchZ was eluted using 2 ml (1.5 ml) of buffer 1 containing 200 mM imidazole (200 mM imidazole and 10% (w/v) glycerol). Alternatively, the BchY/BchZ protein complex was liberated from the resin by thrombin (Sigma) cleavage (for construct pET-bchYZ). Protein fractions containing the (BchY/ BchZ) 2 complex were identified by SDS-PAGE.
The overproduction and purification of BchX using plasmid pET-bchX was essentially performed as described elsewhere (10) in the presence of plasmid pISC (22) , which encodes for proteins of the isc-operon to ensure appropriate [Fe-S] clusters assembly in E. coli (protein production for 21 h in the presence of 300 M isopropyl-␤-D-thiogalactopyranoside and 1 mM L-cysteine followed by anaerobic incubation for 45 min without agitation).
Determination of Native Molecular Mass-Analytical gel permeation chromatography for (BchY/BchZ) 2 was performed using a Superdex 200 HR 10/30 column (GE Healthcare), equilibrated with buffer 1 containing 25 mM NaF and 500 mM AlCl 3 . The native molecular mass of (BchX) 2 was analyzed using a Superdex 200 HR 26/60 column (GE Healthcare) in the presence of buffer 2 (buffer 1 containing 150 mM NaCl). Columns were calibrated with protein standards (molecular weight marker kit MWGF 1000; Sigma) at a flow rate of 0.5 ml min Ϫ1 (BchY/BchZ) 2 and 1 ml min Ϫ1 for (BchX) 2 , respectively (10) .
Site-directed Mutagenesis of COR-Up to two nucleotides of plasmid pACYC-bchYZ were exchanged using the QuikChange TM site-directed mutagenesis kit (Stratagene). Mutations in the bchY gene were introduced using the following oligonucleotides (exchanged nucleotides are in bold): C62A, CAAACCA-CAAAGCATGGCTCCGGCGTTCGGGTC and GACCCGA-ACGCCGGAGCCATGCTTTGTGGTTTG; C86A, GAGCG-GGTCGGCGGCCTGCGTCTATGGTC and GACCATAGA-CGCAGGCCGCCGACCCGCT; C87A, GCGGGTCGGCGT-GCGCCGTCTATGGTCTG and CAGACCATAGACGGCG-CACGCCGACCCGC; C145A, GTGGTGACAAACCTTGCT-GTGCCGACAGCC and GGCTGTCGGCACAGCAAGGTT-TGTCACCAC. Oligonucleotides for the exchange of codons in bchZ were: D30C, CAGGTCGTGATCTGCGGCCCCGTGG-GCTG and CAGCCCACGGGGCCGCAGATCACGACCTG; C35A, GGCCCCGTGGGCGCCGAAAACCTGCCCGTC and GACGGGCAGGTTTTCGGCGCCCACGGGGCC; C35S, GGCCCCGTGGGCAGCGAAAACCTGCCCGTC and GAC-GGGCAGGTTTTCGCTGCCCACGGGGCC; C35D, GGCC-CCGTGGGCGACGAAAACCTGCCCGTC and GACGGGC-AGGTTTTCGTCGCCCACGGGGCC; C35D/S94C, GTGG-TCACCGGGTGCATTGCCGAGATGATCG and CGATCA-TCTCGGCAATGCACCCGGTGACCAC and the primers for C35D (see above).
Determination of Protein Concentration-The concentration of purified (BchY/BchZ) 2 and (BchX) 2 proteins was determined using the Bradford reagent (Sigma) according to the manufacturer's instructions with bovine serum albumin as a standard.
N-terminal Amino Acid Sequence Determination-Automated Edman degradation was used to confirm the identity of purified proteins and to quantify the amounts of the individual subunits in the protein complex (BchY/BchZ) 2 .
UV-visible Light Absorption Spectroscopy-UV-visible absorption spectra of purified (BchY/BchZ) 2 and (BchX) 2 complexes were recorded using a V-650 spectrometer (Jasco) under anaerobic conditions.
Iron Determination Method-The iron content of purified protein complexes was determined as described in Huberman and Pérez (23) .
In Vitro Iron-Sulfur Cluster Reconstitution of (BchX) 2 -The in vitro reconstitution of [4Fe-4S] clusters was performed as previously described (24) using 4.5 mol of ammonium iron citrate and 4.5 mol of lithium sulfide/mol of protein complex in buffer 2 containing 200 mM imidazole and 10% (w/v) glycerol (12 h incubation at 4°C). The reconstituted protein was desalted by NAP-25 size-exclusion chromatography (GE Healthcare) according to the manufacturer's instructions.
Preparation of EPR Samples-Purified proteins were concentrated up to 200 M using an Amicon stirred ultracentrifugation cell (Millipore) equipped with a 30,000-Da cut-off membrane. Sodium dithionite was added to a final concentration of 12.5 mM. After 15 min of incubation, samples were transferred into quartz EPR tubes and frozen in liquid nitrogen.
EPR Spectroscopy-X-Band EPR spectra were recorded on a Bruker Elexsys E-500 CW X-band spectrometer. The sample tubes of 5-mm diameter were placed in a standard TE102 resonator. Low temperature measurements were obtained using an Oxford ESR 900 helium flow cryostat (3-300 K). Baseline corrections were performed by subtracting a background spectrum, obtained under the same experimental conditions from an empty tube.
Protochlorophyllide Preparation-Pchlide was isolated from the bchL-deficient Rhodobacter capsulatus strain ZY5 as described earlier (20, 25) .
Chlorophyllide Preparation-Chlide was isolated from 5 liters of cell culture of the bchF-and bchZ-deficient R. capsulatus strain CB1200 (9) as described in Gough et al. (26) . Purified Chlide was dissolved in 100 l of DMSO containing 30 mM Tricine-NaOH (pH 8.0) and stored at Ϫ20°C.
Substrate Analogs-Synthesis and/or isolation of the respective pigments was described elsewhere (27, 28) .
Coupled DPOR/COR Activity Assay-Coupled DPOR/COR activity measurements were performed in 250-l assays containing 100 mM HEPES-NaOH (pH 7.5), 10 mM MgCl 2 , 150 mM NaCl, 2 mM ATP, 2.7-3.5 M Pchlide, 5 mM 1,4-dithio-D,Lthreitol, and 0.7 mM sodium dithionite (as electron donor) and an ATP-regenerating system containing creatine phosphate (20 mM) and creatine phosphokinase (0.1 units/l). The standard DPOR/COR activity assay was supplemented with 40 l of a cell-free E. coli extract containing the overproduced N, B, and L subunits of Chlorobaculum tepidum DPOR (2) to provide the natural Chlide substrate of COR. Then, 40 -1,100 pmol of the purified (BchY/BchZ) 2 complex and 0.25-40 l of a cell-free E. coli extract containing the overproduced (BchX) 2 protein were added. All assays were incubated in the dark for 30 or 60 min at 34°C. The reaction was stopped by adding 500 l of acetone. After two identical centrifugation steps (10 min, 12,100 ϫ g) Pchlide, Chlide, and Bchlide formation was determined by UV-visible spectroscopy using the following extinction coefficients: Pchlide ⑀ 626 ϭ 30.4 mM Ϫ1 cm Ϫ1 (20), Chlide ⑀ 665 ϭ 74.9 mM Ϫ1 cm Ϫ1 (29), Bchlide ⑀ 734 ϭ 44.7 mM Ϫ1 cm Ϫ1 (6) . In all cases assays were completed by control experiments in which the (BchX) 2 protein or the (BchY/BchZ) 2 complex was omitted.
Chlide Reduction Assay-COR activity was measured in 125-l assays under conditions described for the coupled DPOR/COR activity assay, omitting the C. tepidum DPOR substrate generating system. Instead, purified Chlide (or modified substrates) was added at a concentration of 10 M. Reactions were stopped by adding 500 l of acetone. After centrifugation (30 min, 12,000 ϫ g) samples were extracted with 1 volume of hexane. The lower aqueous acetone phase was analyzed by UVvisible spectroscopy. Chlide and Bchlide were quantified as described above. Assays were completed by control experiments in which the (BchX) 2 protein or the (BchY/BchZ) 2 complex was omitted.
Formation of the Ternary COR Complex-1.3 nmol of the purified (BchX) 2 protein was immobilized on 100 l of S-agarose (Merck Millipore) on a 10-ml gravity-flow column (Bio-Rad). Then formation of MgADP⅐AlF 4 Ϫ was initiated by the addition of 10 mM MgADP and 2 mM AlCl 3 to a solution of buffer 2 containing 50 mM NaF (trapping buffer). 1 ml of this solution was supplemented with 3.45 nmol of the (BchY/ BchZ) 2 complex in the presence of 63 M Chlide. This mixture was incubated for 1 h with the immobilized (BchX) 2 protein to allow ternary complex formation. The column was washed with 500 l of trapping buffer. The affinity matrix was then suspended in 400 l of trapping buffer and subsequently removed from the column. After a centrifugation step, all immobilized proteins were liberated from the S-agarose with 100 l of SDS sample buffer. The denatured protein samples (10 min, 95°C) were then subjected to SDS-PAGE analysis. COR ternary complex investigations were always completed by parallel control experiments in which the (BchX) 2 or the (BchY/BchZ) 2 protein was omitted.
Purification of Chlide-saturated (BchY/BchZ) 2 -73 nmol of His-tagged (BchY/BchZ) 2 were immobilized on 1 ml of Ni 2ϩ loaded chelating Sepharose FF. After washing with 2 ml of buffer 1 containing 20 mM imidazole (buffer 3) the column was incubated for 10 min with 1 ml of buffer 3 containing 365 M Chlide. After two washing steps with 2 ml of buffer 1 containing 25 mM imidazole the Chlide-saturated COR complex was eluted from the resin using 1.5 ml of buffer 1 containing 200 mM imidazole and 10% (w/v) glycerol. The amount of proteinbound Chlide was determined by UV-visible spectroscopy.
Sequence Analysis of BchX-The structure based sequence alignment of the L protein from P. marinus and R. sphaeroides was performed as described elsewhere (11) . Then, sequencebased alignments of 15 representative BchX and L proteins, respectively, were calculated using ClustalW (30, 31) . Both types of sequence comparisons were manually assembled, and the degree of conservation was highlighted. Structurally conserved amino acid residues located at the dimer interface of L 2 , residues responsible for the L 2 /(N/B) 2 protein-protein interaction and all key residues for the dynamic switch mechanism of L 2 are indicated (see Fig. 4 ) (11) . The secondary structure prediction for BchX was calculated with SOPMA (32) .
RESULTS
Purification and Biochemical Characterization of R. denitrificans COR-The genes coding for subunits BchY and BchZ from R. denitrificans were cloned into a standard E. coli expression vector. The plasmid pET-bchYZ encodes for an N-terminal thioredoxin/His/S-tag fusion protein of BchY and for the untagged BchZ protein. Efficient translation of the bchY gene was fostered by the vector encoded ribosomal binding site, whereas the bchZ gene was actively fused to an E. coli-specific ribosomal binding site sequence to allow for high level production of BchZ. Alternatively, equimolar overproduction of both COR subunits was accomplished by using the pACYC-bchYZ construct containing individual promoters for the N-terminal His-tagged BchY protein and for subunit BchZ.
COR subcomplex (BchX) 2 was produced with a separate production system as an N-terminal thioredoxin/His/S-tag fusion protein. The employed E. coli BL21(DE3) host was additionally carrying plasmid pISC (coding for genes of the isc-operon) to ensure efficient iron-sulfur cluster biogenesis under BchX overproducing conditions (22) . Starting with cell harvesting and disruption, all COR proteins were maintained under anaerobic conditions throughout purification and all other subsequent experiments.
BchY fusion proteins (as thioredoxin/His/S-tagged or Histagged protein) were purified using Ni 2ϩ -chelating Sepharose (GE Healthcare). Either the intact fusion protein was eluted in the presence of 200 mM imidazole or the native protein was Size exclusion chromatography revealed a native molecular mass of 280,000 Da for the purified BchY/BchZ complex that is indicative for a heterotetrameric subunit architecture (calculated molecular weights of His-BchY and BchZ were 56,370 and 53,380, respectively). Accordingly, the catalytic COR complex of R. denitrificans was denoted as (BchY/BchZ) 2 .
Identical experiments revealed a relative molecular weight of 85,000 for the purified BchX subunit (calculated monomer mass, 39,969 Da). Therefore, a dimeric (BchX) 2 subcomplex of COR was concluded in agreement with a recent study for C. tepidum BchX (10) and also as observed for the related L 2 and (NifH) 2 complexes of DPOR and nitrogenase (10, 33) . Obviously, the quaternary structure of both COR subcomplexes parallels the respective stoichiometry of the related DPOR and nitrogenase systems (compare Fig. 1) (2, 20, 33, 34) .
Reconstitution of COR Activity in a Coupled DPOR/COR Assay-Enzymatic activity for R. denitrificans COR was reconstituted by using a well established DPOR system (2) in the presence of the easily available Pchlide molecule (20, 25) to provide the COR substrate Chlide. For the reconstitution of the COR enzyme, 285 pmol of the purified (BchY/BchZ) 2 complex were supplemented with the overproduced (BchX) 2 protein (as a cell-free extract) in the presence of 3.5 M Pchlide (20, 25), 5 mM 1,4-dithio-D,L-threitol, 0.7 mM sodium dithionite (as artificial electron donor), and 2 mM ATP in combination with an ATP-regenerating system. UV-visible spectroscopic analyses of the acetone-extracted pigments clearly revealed the efficient conversion of Pchlide ( max 628 nm) (20, 25) into Chlide ( max 667 nm) (26, 29) , which then results in the formation of Bchlide ( max 734 nm) ( Fig. 2A, spectrum a) (6) . The ATP-dependent R. denitrificans COR catalysis requires the presence of both subcomplexes as no Bchlide formation was observed in the absence of either (BchY/BchZ) 2 or (BchX) 2 ( Fig. 2A, spectra c  and d) .
The experiment devoid of (BchX) 2 also indicates that the electron transferring L 2 component of DPOR cannot substitute for the COR specific reductase (BchX) 2 in the employed DPOR/ COR assay. Only recently a related experiment revealed enzymatic DPOR activity in the presence of a chimeric enzyme composed of subunit (BchX) 2 from R. denitrificans and (N/B) 2 from C. tepidum (10) .
R. denitrificans (BchX) 2 Coordinates an Intersubunit [4Fe-4S] Cluster-Concentrated (BchX) 2 protein fractions showed a brownish color, and UV-visible spectroscopy revealed an absorption maximum at 428 nm indicative of a [4Fe-4S] cluster ( Fig. 2D, inset, solid line) . As already published (10), the iron content of 3.4 mol of iron/mol of (BchX) 2 suggests the presence of a single intersubunit [4Fe-4S] center as also described for the related L 2 and (NifH) 2 proteins of DPOR and nitrogenase (4, 16) . Exposure to atmospheric oxygen rapidly eliminated the absorption signal at 428 nm (Fig. 2D, inset, dotted line) , analogously to the surface-exposed [4Fe-4S] centers of L 2 and (NifH) 2 (4, 35) . The protein sample was subjected to EPR measurements to confirm the proposed [4Fe-4S] cluster of R. denitrificans (BchX) 2 (Fig. 3B) . A rhombic S ϭ 1/2 signal was obtained with g values of g 1 ϭ 2.047, g 2 ϭ 1.937, and g 3 ϭ 1.905 located in a region characteristic for [4Fe-4S] 1ϩ clusters (36, 37) . The observed data are in agreement with related EPR experiments for the L 2 protein of DPOR (4, 38) for (NifH) 2 of Azotobacter vinelandii and also for (BchX) 2 from R. sphaeroides (g 1 ϭ 2.02, g 2 ϭ 1.93 and g 3 ϭ 1.92) (18, 39) . Similar to what was reported for (NifH) 2 of A. vinelandii (39) , no evidence for spin states larger than S ϭ 1/2 (e.g. S ϭ 3/2; S ϭ 5/2) was obtained for the reconstituted (BchX) 2 sample. It should, however, be noted that the spin count of the S ϭ 1/2 signal is around 10%. Therefore, the involvement of higher spin states (with EPR signals broadened beyond detection) cannot be completely excluded. The additional signal at g ϭ 2.002 probably is indicative of the presence of minor amounts of a partially reconstituted [3Fe-4S] cluster.
Our biophysical COR experiments suggest a [4Fe-4S] cluster-dependent redox catalysis of (BchX) 2 that is analogous to the related L 2 and (NifH) 2 proteins (11, 16) . These DPOR and nitrogenase subcomplexes make use of a nucleotide-dependent switch mechanism to mediate ternary protein complex formation and the subsequent electron transfer step. Accordingly, potential protein-protein interaction of COR components (BchX) 2 and (BchY/BchZ) 2 was investigated.
Substrate Binding of (BchY/BchZ) 2 -His-tagged (BchY/BchZ) 2 was immobilized on a Ni 2ϩ -chelating Sepharose column, and a 5-fold molar excess of Chlide was added. After an extensive washing step, the substrate-saturated (BchY/BchZ) 2 protein was eluted and subsequently analyzed by UV-visible absorption spectroscopy. The Chlide binding experiments revealed the presence of 1.4 mol of Chlide/mol (BchY/BchZ) 2 complex.
Trapping the Ternary COR Complex-COR catalysis requires the interaction of (BchX) 2 and (BchY/BchZ) 2 to facilitate substrate reduction. In this study an ATP analog, (MgADP⅐AlF 4 Ϫ ) was used for trapping the ternary complex of COR. MgADP in combination with the inorganic compound AlF 4 Ϫ mimics the ATP molecule in the transition state of nucleotide hydrolysis as previously shown for nitrogenase and DPOR (11, 12) . The S-tagged (BchX) 2 protein was specifically immobilized on an S-agarose column and incubated with a 2.5-fold molar excess of (BchY/BchZ) 2 in the presence of MgADP⅐AlF 4 Ϫ and 63 M Chlide. After a subsequent washing step, all column-bound proteins were eluted under denaturing conditions and subsequently analyzed by SDS-PAGE. Fig. 3A, lane 6 , reveals the "bait" protein (BchX) 2 with a relative molecular weight of 53,000 in the presence of COR subunits BchY (56,000) and BchZ (53,000) (compare Fig. 3A, lane 6 with lanes 2 and 3) . All proteins were identified by N-terminal sequencing, and a molar ratio of 1.2:0.5:0.3 for BchX versus BchY versus BchZ was determined from the Edman degradation. The column Ϫ . The purified thioredoxin/His/S-BchX protein was immobilized on S-agarose and subsequently used as bait in the presence of MgADP⅐AlF 4 Ϫ and (BchY/BchZ) 2 . After an extensive washing step, all immobilized proteins were liberated due to SDS sample buffer treatment. Lanes 3 and 4, control experiments in the absence of (BchY/BchZ) 2 and (BchX) 2 , respectively. Lane 5, molecular mass markers, relative molecular mass (ϫ1000) are indicated. Lane 6, trapped COR complex containing subunits BchX, BchY, and BchZ. B and C, EPR spectra of COR subcomplexes after dithionite reduction (black) in combination with the corresponding simulations (blue, red, and green). The respective microwave frequency, temperature, microwave power, and modulation amplitude is indicated. All g values are calculated from the respective simulations. B, the spectra of reconstituted (BchX) 2 indicates an intersubunit [4Fe-4S] cluster. mwfrequency, microwave frequency. C, the spectra of (BchY/ BchZ) 2 exhibited a superposition of two non-identical [4Fe-4S] clusters.
Nitrogenase-like Catalysis of Chlorophyllide Oxidoreductase
material did not reveal any unspecific binding of (BchY/ BchZ) 2 (Fig. 3A, lane 4) .
These results are indicative for a closely related nucleotidedependent switch mechanism for COR, DPOR, and nitrogenase, which links ATP hydrolysis to conformational changes. From structural investigations, the overall rearrangements of L 2 and (NifH) 2 have been described as a rotation of the nucleotide-bound monomers toward the dimer interface (11, 16) . The sequence analysis depicted in Fig. 4 clearly reveals a striking degree of sequence conservation for BchX residues that are tentatively located at the dimer interface of (BchX) 2 (related residues of the L 2 structures are highlighted in the black boxes). Besides this, all key residues for ATP hydrolysis (Lys-37 and Asp-155), the "P-loop" (Gly-36 -Thr-44), and the residues responsible for the nucleotide-dependent signal transduc-tion ("switch I region" Gly-64 -Thr-72, "docking loop" Ile-84 -Glu-96, and also the "switch II region" Asp-151-Phe-161 including cluster ligand Cys-158) are also conserved in BchX proteins (P. marinus numbering). The overall sequence analysis shown in Fig. 4 clearly supports the proposed dynamic switch mechanism of (BchX) 2 as an initial step of COR catalysis.
In contrast to this, the theoretical analysis of the subsequent substrate reduction process reveals an unclear picture with respect to the involved redox active [Fe-S] cluster of (BchY/ BchZ) 2 . Sequence analysis for subunits N versus BchY and B versus BchZ only revealed the presence of three conserved ironsulfur cluster-coordinating cysteine residues in the sequence of BchY (10), whereas no equivalent was evident for the unusual aspartate ligand from DPOR subunit B. The structure based alignment of the L subunits from P. marinus and R. sphaeroides was calculated as described under "Experimental Procedures" using PDB coordinates 2YNM and 3FWY. ␣-Helices (dark blue) and ␤-strands (light blue) are indicated. The prediction of the secondary structure of R. denitrificans BchX was performed using the SOPMA program (dark blue and light blue shading). Sequence-based alignments of representative BchX (Cons 1), L (Cons 3), and BchX/L (Cons 2) sequences were calculated. Conserved residues and those with similar properties are indicated by an asterisk (*), colon (:), or period (.). This sequence-based conservation pattern and the structure-based alignment of the two L proteins was manually assembled. Differences in the structural and primary sequence alignment are indicated (Ϫ). Key residues for the dynamic protein-protein interaction of L 2 and (NB) 2 are indicated in yellow. Residues of the L 2 dimer interface are marked in black boxes (11) . Ligands of the inter-subunit [4Fe-4S] cluster of L 2 proteins are marked in red. Rd, R. denitrificans; Pm, P. marinus; Rs, R. sphaeroides.
(BchY/BchZ) 2 Coordinates Two Non-Identical [4Fe-4S]
Clusters-Concentrated fractions of purified (BchY/BchZ) 2 showed a brownish color, and the UV-visible spectrum revealed an absorption maximum at 428 nm characteristic for [4Fe-4S] clusters (Fig. 2C, inset, solid line) . This absorption peak was bleached upon long term oxygen exposure (Fig. 2C, inset,  dashed line) , and 6 mol of iron/mol of (BchY/BchZ) 2 were determined. By using a standard extinction coefficient of 15 mM Ϫ1 cm Ϫ1 at 410 nm (40, 41) , a content of 1.4 mol of [4Fe-4S] cluster/mol of (BchY/BchZ) 2 was detected. Both methods are indicative for the presence of two [4Fe-4S] clusters on (BchY/ BchZ) 2 . Standard methods (42) did not reveal any flavin cofactor.
The (BchY/BchZ) 2 protein was further characterized by EPR experiments. After reduction with 12.5 mM sodium dithionite, a complex S ϭ 1/2 spin signal indicative for the presence of a [4Fe-4S] ϩ1 cluster type was observed. Simulation of the obtained EPR spectrum was possible by superposition of two signals, [4Fe-4S] I and [4Fe-4S] II, with different g values in an intensity ratio of 75%:25% (Fig. 3 C) . The g values estimated for the first cluster from the simulation were g 1 ϭ 2.049, g 2 ϭ 1.946, and g 3 ϭ 1.909. The second cluster [4Fe-4S] II, exhibited g values of g 1 ϭ 2.049, g 2 ϭ 1.923, and g 3 ϭ 1.884. No evidence for S ϭ 3/2 or S ϭ 5/2 high spin states were observed from the analyzed (BchY/BchZ) 2 sample. The measured data are in a range where reduced [4Fe-4S] clusters are expected (36, 37) . The differing g values of [4Fe-4S] I and [4Fe-4S] II clusters might indicate subtle differences in the specific cluster coordination. A similar, non-identical [4Fe-4S] cluster coordination was also observed for the DPOR (N/B) 2 complex from P. marinus (4) .
Mutagenesis of Potential Ligands of the [4Fe-4S] Cluster of (BchY/BchZ) 2 -
The observed [4Fe-4S] characteristics in combination with theoretical sequence analysis (10) are indicative for a differing ligation pattern in (BchY/BchZ) 2 when compared with (N/B) 2 of DPOR. Careful inspection of the sequence alignment indicates three conserved cysteine residues Cys-62, Cys-87, and Cys-145 of BchY, which might mirror cluster ligands Cys-17, Cys-41, and Cys-103 of DPOR subunit N (P. marinus numbering) (10, 11). However, neither the unusual fourth aspartate ligand nor the stabilizing Cys-95 of DPOR is present in the sequence of subunit BchZ (10, 13) . The conserved residues Cys-86 of BchY and residues Asp-30 and Cys-35 of BchZ were, therefore, considered as alternative cluster ligands in the subsequent mutagenesis study (10) .
Cys-62, Cys-87, Cys-145 of BchY and Cys-35 of BchZ Participate in Iron-Sulfur Cluster Coordination-All conserved cysteines of BchY were individually replaced by alanine residues in a site-directed mutagenesis approach. The purified variant protein complexes C62A, C87A, and C145A did not reveal any detectable activity (Table 1) , and the respective iron contents were substantially reduced as indicated by values of 63, 21, and 26% (as related to the wild type; compare Table 1 ). By contrast, for the mutant complex C86A, a moderately reduced specific activity of 50% and an iron content of 100% in comparison to the wild-type protein were observed ( Fig. 2A, spectrum b, and Table 1 ). The related EPR analysis of this mutant clearly indicated characteristic [4Fe-4S] ϩ1 EPR S ϭ 1/2 signals (simulated values [4Fe-4S] I: g 1 ϭ 2.048, g 2 ϭ 1.937, g 3 ϭ 1.919; [4Fe-4S] II: g 1 ϭ 2.048, g 2 ϭ 1.937, and g 3 ϭ 1.882; data not shown) analogous to the wild type. From these mutational data the critical involvement of only Cys-62, Cys-87, and Cys-145 of BchY in COR cluster formation and redox catalysis was concluded.
According to this, the highly conserved Asp-30 and Cys-35 residues located on subunit BchZ were considered as an additional [4Fe-4S] cluster ligand. The analysis of the D30C mutant complex indicated a moderately reduced activity of 60%. However, no decrease of the iron content was observed in comparison to the wild type (Table 1) , and characteristic S ϭ 1/2 [4Fe-4S] ϩ1 cluster signals like the wild type were obtained (simulated values [4Fe-4S] I: g 1 ϭ 2.047, g 2 ϭ 1.940, g 3 ϭ 1.919; [4Fe-4S] II: g 1 ϭ 2.047, g 2 ϭ 1.940, and g 3 ϭ 1.895; Fig. 5A ).
By contrast, (BchY/BchZ) 2 complexes containing a C35A or C35S mutation were enzymatically inactive. The C35A mutation indicated a clear decrease of the iron content (73%), whereas the C35S mutant showed an identical iron content as the wild type. It was proposed that the isosteric C35S mutation still allows for a serine ligation of the overall [4Fe-4S] cluster of COR. Subsequent EPR experiments revealed characteristic S ϭ 1/2 [4Fe-4S] ϩ1 cluster signals as observed for the wild type protein (simulated values [4Fe-4S] g 1 ϭ 2.046, g 2 ϭ 1.93 and g 3 ϭ 2 is coordinated by four cysteine ligands. The enzymatic activity and the iron content of the wild-type R. denitrificans COR was set as 100%. Activities below the detection limit of the employed assay are indicated (n.d.). Conservation of the related amino acid residues in COR, DPOR, and nitrogenase is indicated (ϩ).
1.88; Fig. 5A ) Such artificial cluster formation due to a cysteine/ serine ligand exchange is well known (2, 14, 43) .
According to these results, Cys-35 was concluded as the fourth ligand of (BchY/BchZ) 2 . Obviously, COR catalysis is based on a four cysteine-ligated [4Fe-4S] of (BchY/BchZ) 2 , whereas DPOR (N/B) 2 makes use of an unusual three cysteine/ one aspartate ligation pattern.
Conversion of COR Ligands into DPOR-like Cluster Ligands-To investigate the closely related redox chemistry of COR and DPOR, Cys-35 of BchY was substituted by an aspartate ligand in analogy to the catalytic (N/B) 2 complex of DPOR. This mutant complex revealed an identical iron content as observed for the wild type protein; however, no enzymatic activity was determined in the reconstitution assay. The EPR characterization of this C35D mutant protein complex revealed a rather weak S ϭ 1/2 [4Fe-4S] ϩ1 cluster signal (spin count ϳ10%) with g parameters similar to those observed for the wild type protein (simulated values [4Fe-4S] g 1 ϭ 2.046, g 2 ϭ 1.93, g 3 ϭ 1.88; Fig. 5B ). These spectroscopic data might be indicative for a three-cysteine/one-aspartate ligation pattern for the [4Fe-4S] cluster of (BchY/BchZ) 2 .
Biochemical and structural investigations of DPOR revealed an important function of Cys-95 for the stabilization of the [4Fe-4S] cluster of (N/B) 2 (2, 11, 14) . On the basis of sequence comparisons, Ser-94 of BchZ was identified as a potential substitute for Cys-95 of subunit B (P. marinus numbering). Ser-94 was subsequently mutagenized into a cysteine residue, and the resultant double mutant C35D/S94C was analyzed enzymatically and EPR spectroscopically. The EPR signal for this double mutant clearly shows the presence of a [4Fe-4S] ϩ1 cluster as indicated by S ϭ 1/2 g values of g 1 ϭ 2.05, g 2 ϭ 1.934, and g 3 ϭ 1.899 (Fig. 5B ). These results might indicate a three-cysteine/ one-aspartate ligation pattern of (BchY/BchZ) 2 as in the related DPOR structures. However, no enzymatic activity for this cluster mutant was observed in COR activity assays. These results might indicate differing redox properties of the respective [4Fe-4S] clusters of DPOR and COR; minor differences in the ligand geometry might account for the inactive C35D/S94C mutant complex. Table 1 summarizes the mutagenesis data and relates the positions of critical amino acids to the respective subunits of DPOR and nitrogenase. Interestingly, the Cys-35 ligand of BchZ has a direct counterpart in the respective subunit of nitrogenase (13) . Cys-95 of NifK from A. vinelandii functions as a direct ligand of the unusual [8Fe-7S] cluster (P-cluster) of nitrogenase, and the related cysteine to serine amino acid exchange also resulted in a complete loss of nitrogenase activity. In analogy to the herein presented EPR data, this nitrogenase cluster variant revealed an "intact" [8Fe-7S] cluster (43) .
Substrate Recognition of (BchY/BchZ) 2 -For the analysis of R. denitrificans COR substrate recognition, an "uncoupled" Chlide reduction assay was established. COR activity was reconstituted in vitro using recombinant protein components (BchY/BchZ) 2 and (BchX) 2 in the presence of an ATP-regener- ating system, a 10 M concentration of substrate Chlide and a 0.7 mM concentration of the artificial electron donor, sodium dithionite (compare UV-visible measurement Fig.  2B, spectrum a) . The specific activity of this assay (42 pmol mg Ϫ1 min Ϫ1 ) was set as 100%, and all further kinetic experiments were related to this standard Chlide assay. Measurements were always completed by control experiments in the absence of either (BchY/BchZ) 2 or (BchX) 2 (compare Fig. 2B,  spectra c and d) .
Overall, seven magnesium-or zinc-containing chlorin compounds with altered substituents on ring systems A, E, and/or D were analyzed as potential substrates of COR. These molecules 2-8 in combination with the respective spectroscopic characteristics are depicted in Fig. 6 . The use of zinc derivatives instead of magnesium-coordinating compounds has been well established for the reconstitution of photosynthetic reaction centers (44) as well as for the analysis of (bacterio)chlorophyll biosynthetic enzymes (4, 28, 45, 46) .
Substrate Analogs with Altered Substituents on Rings
A and E-Activity assays in the presence of Zn-3-Acetyl-Pheid a (2) revealed a relative activity of 30% when compared with the COR assay using the natural Chlide substrate. Obviously, the presence of a zinc central atom together with a more bulky and more polar acetyl group on C3 is tolerated in the active site of the COR enzyme. By contrast, the related DPOR enzyme does not accept an acetyl group on C3 (4). This result might indicate that different substrates comprising either a 3-vinyl or alternatively a 3-acetyl group might be accepted as a COR substrate in vivo.
Assays using a magnesium-containing compound Pyro-Chlide a (3) and also using the related zinc-containing molecule Zn-Pyro-Pheid a (4) indicated significant COR activities of 30 and 50%, respectively. Both molecules are devoid of the methoxycarbonyl substituent at the C13 2 position. Accordingly, the C13 2 substituent of Chlide is not a determinant for COR substrate recognition. Zn-BPheid c (5) is also devoid of the C13 2 -methoxycarbonyl group on ring E and possesses an additional methyl group at the C20 position. Besides this, compound (5) is also carrying a hydroxyl group at C3 1 , as does 3 1 -hydroxy Chlide, which has been described as an intermediate of the Bchl biosynthetic pathway (47) . The obtained activity of 30% (Fig. 2B, spectrum b) for this substrate again indicates that the modification of the C13 2 and the C3 1 position together with the additional C20 methyl group is tolerated in the active site of COR. Due to the observed activities for Zn-3-Acetyl-Pheid a (2) and Zn-BPheid c (5), the hydroxylation of the C3 1 -vinyl position and the subsequent conversion into a 3-acetyl group must also be considered as enzymatic steps in the pathway that potentially precedes the COR-catalyzed reduction on ring B.
Substrate Analogs with Altered Substituents on Ring A and Ring E-Zn-3 1 -13 2 -di-OH-Pheid a (6) is again carrying a C3 1hydroxyl group on ring A. Furthermore, this zinc compound contains an additional C13 2 hydroxyl group on ring E. This molecule revealed an identical activity as observed for the natural Chlide substrate. Again, this result supports the idea of a broadened substrate specificity of R. denitrificans COR that would also include 3 1 -hydroxy Chlide as a "natural" substrate (47) . Moreover, this result reconfirms that substrate recognition of COR does not require the E ring substituents of Chlide on C13. Obviously, the known aggregation tendency of Zn-3 1 -13 2 -di-OH-Pheid a (6) in aqueous solution (48) does not interfere with its recognition.
Substrate Analogs with Altered Substituents on Ring A, D, and E-Activity assays using Zn-3-formyl-Me-Pheid a (7) or Zn-3formyl-Pyro-Me-Pheid a (8) did not result in any detectable COR activity. Because the presence or absence of the 13 2 substituent does not interfere with the reaction (see above), a lack of activity is likely due to 3-formyl substituent or to methylation of the propionic acid side chain at ring D. The C3-formyl group is of similar size as the C3-vinyl group of the natural Chlide substrate so that a steric effect due to the substitution on ring A was excluded. The methyl ester modification on ring D might then be responsible for the discrimination of compounds 7 and 8 as a COR substrate. In this context it is noteworthy that the propionate group of the related DPOR substrate Chlide acts as a key determinant of substrate recognition and catalysis. The C17-propionate group of the Chlide substrate of COR is, however, distant from the catalytic target on ring B. The observed discrimination of compounds 7 and 8 might indicate that the overall chlorin ring system of Chlide is relevant for the substrate recognition of COR. According to this, the binding of the Chlide substrate in a buried binding pocket analogously as described for the related DPOR system (4) would account for the results of the Chlide binding and substrate recognition experiments of the present investigation.
DISCUSSION
Due to the conjugated nature of the Chlide molecule, an unusually negative reduction potential for the trans-hydrogenation is expected. Therefore, the COR catalyzed two-electron reduction of the C7-C8 double bond is linked to the hydrolysis of ATP molecules. The nucleotide-dependent switch protein (BchX) 2 triggers the ATP-dependent transfer of electrons via a [4Fe-4S] cluster onto a second [4Fe-4S] cluster located on (BchY/BchZ) 2 . The interaction of these subcomplexes (BchX) 2 and (BchY/BchZ) 2 was efficiently trapped after incubation with the non-hydrolyzable ATP analog, ADP⅐AlF 4
Ϫ . These experiments clearly indicate that the initial electron transfer steps of COR catalysis resemble DPOR and nitrogenase catalysis. By contrast, the subsequent substrate reduction process differs for the individual systems. COR and DPOR catalysis is not based on equivalents of the unusual P-cluster or molybdenum-containing cofactor of nitrogenase. Instead, COR and DPOR make use of a more conventional [4Fe-4S] cluster for the direct transfer of electrons onto the substrate. However, with respect to the differing reduction state of the COR and DPOR substrate (chlorin versus porphyrin), a four cysteine versus a three-cysteine/ one-aspartate ligation pattern might be required to appropriately modulate the redox potential of (BchY/BchZ) 2 and (NB) 2 , respectively.
The presented EPR data for (BchY/BchZ) 2 indicated an almost quantitative spin count for S ϭ 1/2 (with no evidence for higher spin e.g. S ϭ 3/2, S ϭ 5/2) analogously as also described for the (NB) 2 protein from P. marinus (4) . By contrast, an S ϭ 3/2 ground spin state was reported for the (NB) 2 protein from R. capsulatus (49) . Minor structural rearrangements of the cluster ligands might influence the interaction between the iron atoms, thereby altering the electronic ground state of the respective [4Fe-4S] cluster. With respect to this, the presence of a tightly bound substrate and the presence of an artificial cluster ligand (mutation D36C in the related R. capsulatus study) (49) or a solvent-dependent spin crossover between the low spin and high state also must be considered (39, 50 -52) . The EPR experiments of the present study did not reveal evidence for high spin ground states of mutant proteins C35S, C35D, and C35D/S94C of (BchY/BchZ) 2 . These data might mirror the outcome of a mutant study for a four-cysteine-ligated cluster of a ferredoxin from A. vinelandii, which revealed the same S ϭ 1/2 spin signal before and after cysteine versus aspartate replacement (53) .
The substrate orientation in the three-dimensional structure of the catalytic DPOR complex revealed that the electrons for the D ring reduction enter the conjugated ring system of Pchlide via the remotely located ring systems A and/or B. Subsequently, the reductive trans protonation mechanism of DPOR is based on a hydrophobic substrate binding cavity devoid of water molecules so that the substrate protonation then relies on the stereospecific addition of two protons via precisely positioned amino acid molecules. Alignments of the respective DPOR and COR sequences did not reveal any of the highly conserved proton donor residues in the sequence of COR (10) . Furthermore, the propionate group located on C17 of ring D has been identified as an important determinant for DPOR and COR substrate recognition. Based on these initial findings, an identical binding mode (with respect to the ring orientation) for the Chlide substrate in the active site of COR might be the evolutionary clue for enzymatic systems with different active site specificities. Such identical ring orientation in the active site of COR would solely require two alternative proton donors for the specific reduction of ring B after formation of an a -anion radical by a conserved electron insertion path via ring A and B (54) . In the active site of ferredoxin-dependent bilin reductases, an identical tetrapyrrole ring orientation also facilitates the synthesis of different reaction products (55) .
Only recently a new specificity for the COR enzyme from the Bchl b-producing organism, Blastochloris viridis was identified. This enzyme is not only capable of the reduction of the C7-C8 double bond of Chlide. It also catalyzes the reduction of the diene system (comprised of the C7/C8 double bond and the C8 vinyl group) to a C8 ethylidene group (56) . This new catalytic activity of COR is based on the 1,4-hydrogenation of the C7 and C8 2 positions of Chlide (instead of the well known 1,2-hydrogenation of C7 and C8). This new activity of an orthologous COR enzyme might solely require the spatial rearrangement of a single proton donor (C8 2 instead of C8) for the synthesis of a Bchl compound with significantly altered spectroscopic properties.
These findings might indicate the plasticity of the herein proposed substrate binding and protonation mechanism of COR. The catalytic differences of COR, DPOR, and nitrogenase might have implications for related multiprotein complexes that are involved in the reduction of chemically stable double and/or triple bonds. Future experiments should be focused on the structural investigation of COR.
